Advances in wireless communications have paved the way for wide usage of mobile phones in modern society, resulting in mounting concerns surrounding its harmful radiation. Energy absorption in human biological tissues can be characterized by specific absorption rate (SAR). This value refers to the actual amount of electromagnetic energy absorbed in the biological tissues, thus a lower value of SAR indicates a lower radiation exposure risk to the human body. So, our challenge is to introduce mobile handset antennas with low SAR and operating at all mobile and wireless applications. In this chapter, novel configurations of single-element antenna are designed, simulated, fabricated, and measured. The antennas operate for most cellular applications: global system for mobile (GSM)-850/900, digital cellular system (DCS)-1800, personal communication service (PCS)-1900, universal mobile telecommunication system (UMTS)-2100, and long-term evolution (LTE) bands. The antennas also support wireless applications. The proposed antennas have a compact size and low SAR at all bands. Also, this chapter presents a comprehensive study on the performance of the antenna in the different environments. Furthermore, the antenna performance is tested in the presence of head and hand in free space and in a car. The simulation and measurement results are in good agreement.
Introduction
With the rapid growth of communication technologies and the vast increase of mobile services, developing new low specific absorption rate (SAR) antenna with compact size becomes of great demand in the international market. Furthermore, the new personal mobile handsets are needed to support multimedia (image with good resolution, clear voice, and data communication) anytime anywhere. This announces that new mobile devices are required to back various technologies and to operate in various bands. So, the long-term evolution (LTE) is presented as new mobile generation to give high performance for communication systems. It has high capacity and large speed of mobile networks [1] [2] [3] [4] [5] [6] .
Vast research works are introduced to diminish the handset antenna in size and cost and to increase the bands that are provided by the antennas. According to Ang et al. [7] , an antenna is introduced to cover four bands (global system for mobile (GSM)-900, digital cellular system (DCS)-1800, personal communication service (PCS)-1900, and industrial, scientific and medical (ISM)-2450) at −6 dB as a reference, and this antenna consists of two-layer folded patches with size of 33 × 16 × 8 mm 3 . Ciais et al. [8] replace the ISM 2450 band covered in [7] by the UMTS 2100 band at 6-dB bandwidth, the antenna consists of patch with three extra parasitic elements put on the corner of a ground plane. But, the antenna in Ref. [8] has a double size of the antenna in Ref. [7] . Another two different quad-band antennas are introduced in Refs. [9, 10] . According to Tzortzakakis [9] , the proposed antenna consists of a monopole and a helix with half size reduction compared to the antenna in Ref. [7] . According to Ku et al. [10] , the proposed antenna consists of a folded dual loop antenna with slight size reduction compared to the antenna in Ref. [7] . According to Tang et al. [11] , the proposed compact antenna consists of double inverted L-shape, three-meandered strip and a coplanar strip. The antenna covers five bands (GSM-850, GSM-900, DCS-1800, PCS-1900, and the UMTS-2100) (at −6 dB as reference) with 60% reduction in size referred to the antenna in Ref. [9] . According to Li et al. [12] , a folded loop antenna is introduced to cover the hepta band (GSM-850, GSM-900, GSM-1800, GSM-1900, UMTS-2100, GPS, and WLAN at −6 dB bandwidth) with slight size increase compared to the antenna in Ref. [11] . According to Young et al. [13] , an octa-band antenna with more compact size of 46 × 7 × 11 mm 3 is introduced. The antenna covers the following bands: LTE-700, GSM-850, GSM-900, DCS-1800, PCS-1900, UMTS-2100, LTE-2300, and LTE-2500. The antenna introduced by Young et al. [13] has a compact size in addition to covering eight bands for different mobile applications, yet still several bands need to be covered. In addition, it is complicated in the fabrication process due to its multilayer construction.
The vast development of wireless services needs to consider the interactions between the human body, especially human head, and mobile handset, while the human head absorbs the electromagnetic wave that is radiated by the antenna. Some mobile handset antenna characteristics are alerted for its closeness to the human head because of their radiation pattern, radiation efficiency, bandwidth, and return loss. The mutual effects of human head and the antenna have been introduced by many researches [4] [5] [6] [14] [15] [16] .
There are different methods that were used through the last few decades to reduce the SAR such as using other elements as auxiliary antenna, loading a new material such as ferrite, using the electromagnetic bandgap (EBG) structures to reduce surface wave/artificial magnetic conductors (AMC) surfaces, and finally using metamaterials [3, 4] . A combination of the main antenna and a director or a reflector was introduced in Ref. [17] to increase the effective radiation efficiency and to reduce the SAR. The distance between the antenna and the auxiliary elements is considered as the main drawback of this method for increasing the size and cost of the antenna. According to Jung and Lee [18] , the ferrite sheet was used as a protection wall between the antenna and the human body. The disadvantage of the procedure is the utilization of a costly ferrite material that has unique properties of permittivity and permeability to achieve low SAR [3] . In Refs. [3] [4] [5] [6] , the EBG and metamaterial techniques are used due to their properties. The EBG technique reduces the SAR values up to 75%.
Multiband antennas

First configuration
Sultan et al. [4] introduce printed multiband antennas to cover the most of mobile bands and wireless application. . So, the antenna can be easily integrated in small and sleek mobile device.
All the labeled dimensions are tabulated in Table 1 . Figure 1(b) shows the full geometry of the mobile with size of 45 × 110 × 1.5 mm 3 in conjunction with a prototype of the antenna. The antenna is fabricated using the FR4 substrate (ε r = 4.65) with 1.5-mm thickness and loss tangent of 0.025 as shown in Figure 1(c) .
The antenna is composed of a planar monopole and a planar meander line. The meander line increases the path over which the surface current flows and that eventually results in lowering the resonant frequency. The optimized length of the meander line is 112 mm to operate at 900 MHz. Furthermore, it operates also at the higher frequencies. Where the combination between the monopole and meander line contributes to operate from 1.7 to 7.4 GHz, the distance between the meander line and the monopole is considered as 1 mm that controls the bandwidth matching. Also, the ground plane was chosen to be coplanar with the monopole with size 45 × 9 mm 2 .
The simulated and measured return loss results are introduced in Figure 2 . One can notice that the simulated and the measured results cover all the proposed mobile and wireless application bands. The antenna operates in the two bands: lower band (0.870-0.970 GHz) and higher band (1.6349-7.4233 GHz) when taking the 6 dB return loss as a reference.
Second and third configurations
One of the disadvantages of the first configuration antenna is the low front to back ratio and its large SAR value as reported in Ref. [3] . So, if the EBG structure is applied to the antenna, it reduces the surface waves and prevents the undesired radiation from the ground plane as introduced in Ref. [19] . So, the radiation toward the human head is reduced and, hence, the SAR values are also reduced. Although the EBG technique has the advantages of lowering cost and the ease of implementation, the EBG structure still needed more development to produce a practical wideband and small size for multiband applications. Before applying the EBG structure, the antenna dimensions were 30 × 33 × 1.5 mm
3
. These periodic structures have high electromagnetic surface impedance, which is capable of suppressing the propagation of surface currents and acting as a perfect magnetic conductor in a certain frequency range, so the antenna dimensions are reduced to 20 × 26 × 1.5 mm
. The antenna can be easily integrated in small and sleek mobile device. In this part, two antenna configurations are introduced. In the second configuration, a planar EBG structure is positioned between the user and the handset antenna, while in the third configuration, the EBG structure is positioned in coplanar with the antenna to increase the gain. The planar EBG structure is periodic square patches with dimensions of 9 × 9 mm 2 and gaps of 1 mm. The whole mobile board of the second configuration and the third configuration is shown in Figures 3 and 4 . In the second configuration, the EBG is fabricated over the FR4 substrate (ε r = 4.5) with 0.8 mm thickness and loss tangent of 0.025. In the third configuration, the EBG is fabricated in the top layer of the antenna substrate. 
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The EBG structure is investigated by simulating its behavior within the required band by some iterations. The dimensions of the EBG are selected to be 9 × 9 mm 2 with a separation of 1 mm to achieve a bandgap in the range from 1.54 to 2.48 GHz. The simulated CST and the experimental results of the return loss of the two antennas are shown in Figure 5 . The results ensure that the antenna covers all the mobile and wireless applications bands. When taking the 6 dB return loss as a reference, the antenna of the second configuration operates in the two bands (850-1030 MHz) and (1.71-7.8 GHz). The antenna of the third configuration operates in the two bands (830-1000 MHz) and (1.67-8.7 GHz). Figure 6 shows a comparison between the simulated gain of the antenna with and without EBG structures in the two configurations. From the figure, it is noted that the gain is increased with the use of the EBG structure the antennas dimensions are showed in (Table 2 ).
Fourth configuration
The first configuration antenna was redesigned before applying the EBG on FR4 material with ε r = 4.5 and h = 0.8 mm with compact dimensions of 33 × 25 × 0.8 mm . The operating bands are 860-1020 MHz and1.675-8.15 GHz. The EBG structure is embedded on the bottom layer of the substrate as shown in Figure 7 . The antenna dimensions are showed in Table 3 for the two cases (with EBG and without EBG). The comparison between the simulated and measured return loss results of the proposed antenna with EBG and without EBG is shown in Figure 8 . The results reveal that the antenna operates at all the mobile and wireless applications bands. When taking the 6 dB return loss as a reference, the antenna operates in the two bands (from 587 to 977 MHz and from 1.67 to 8.63 GHz). The gain and the radiation efficiency of the fourth antenna are shown in Table 4 . When EBG structures interact with electromagnetic waves, they show amazing properties such as frequency pass bands, stop bands, or bandgaps. The characteristics of the EBG structure shown in Ref. [4] ensure that the EBG structures have stop bands at most of the mobile applications and wireless applications bands. This ensures that the EBG structures have high surface impedance (HSI) in these bands, and even when a large electric field along the EBG surface is present, the tangential magnetic field is small. Thus, the generated electric field acts as a magnetic current that radiates in conjunction with the original antenna. The EBG structure is positioned perpendicular to the two antennas: the monopole and the meander line. Without the EBG, the monopole and the meander lines have null radiation at the end-fire directions. With the existence of the EBG, the EBG equivalent magnetic current radiates in the end-fire direction of the two antennas. Thus, some of the radiated energy will be in the 
Low-SAR Miniaturized
azimuth plane, which reduces the radiation in the elevation direction where the human body exists. Thus, one can conclude that the EBG structure redistributes the radiated energy in such a way that it reduces the radiation toward the human body. Figure 9 shows the radiation pattern of the proposed antenna in the absence and the presence of the EBG at 1.8 GHz. It is clear that the EBG structures enhance the radiation pattern in the elevation plan. We chose 1.8 GHz Table 2 . Geometric dimensions of the proposed antenna.
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as an example, but the same enhancement is observed for all the mobile application bands. It appears from Figure 10 that although the radiation pattern is omnidirectional in the elevation plane, it does not have a null at the end-fire direction of angle 90°. Figure 10 shows the measured and simulated radiation patterns at frequencies 0.9, 1.8, and 2.1 GHz. Radiation pattern measurements were carried out using SATIMO Anechoic antenna chamber. 
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SAR calculation
In designing antennas for mobile communications, it is important to investigate the SAR value produced by the radiation from the mobile handsets. The output power of the cellular phone depends on more than one factor such as distance to base station, surrounding environment, frequency band, and technology as shown in Ref. [1] . The reference power of the cellular phone is set to 500 mW at the operating frequencies of 0.9, 1.8, and 2.1 GHz. The SAR values are calculated according to the 10 g standard of the human tissue mass. The SAR calculations are done using the CST Microwave Studio commercial package with Hugo voxel model [20] ; the permitivities and the conductivities of the Hugo model tissues are according to the published data in Ref. [21] . The dispersive properties of the tissues are taken into our considerations. As expected, the SAR values depend on many factors such as the operating frequency, the type of antenna, antenna position related to human body, and the relative distance between the human body and the antenna. Figure 11 shows the SAR calculations on human head model in the presence of the antenna in the ZY plane with and without the EBG structure at 0.7, 0.9, 1.8, and 2.1 GHz. As expected, the SAR values depend on the operating frequency, the antenna types, and the distance between the antenna and the human body. Table 5 shows the averaged 10 g SAR at the aforementioned operating frequencies when the antenna is close to the body. As the results are scalable when the Figure 11 . Simulated SAR distribution at 0.9, 1.8, and 2.1 GHz for the three antenna.
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http://dx.doi.org/10.5772/intechopen.70175power level changes, the SAR values could be controlled by adjusting the separation between the antenna and the head as shown in Figure 12 , which illustrates that the SAR values decrease with the increase of the separation distance between the antenna and the head. The SAR reduction factor (SRF) and the absorbed power are also tabulated in Table 5 . Table 5 ensures that the antenna achieves the IEEE C95.1 and the international commission on non-Ionizing radiation protection (ICNIRP) standards [22] . The SAR value is inversely proportional to the distance between the antenna and the head as shown in Figure 12 . Furthermore, the results are scalable when the power level changes. Table 5 . Maximum simulated SAR value (antenna closed to the human head).
Figure 12.
The variation of the SAR value at different frequencies against separation distance between head and antenna for 4th configuration.
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Antenna in handset
There are several sorts of advanced mobile phones, each exhibiting different qualities and functions. One among these phones may be the "clamshell" alternately foldable portable phone, which has a large LCD, making it really attractive for the end client. It needs two fundamental printed circuit boards (upper and lower PCBs). In practice, the upper printed circuit board (PCB) includes LCD, camera, and speaker. The lower PCB on the other side typically includes radio frequency (RF) circuits and the battery of the phone, and the upper PCB includes keypads and buttons [4] . Another handset of these types is Samsung phone. In this section, we will introduce modeling of both the clamshell and Samsung phones.
Handset modeling
The advanced mobile phone has various components other than the PCB and the antenna. upper ground is associated with the fundamental ground at a position far from the hinge position or the top edge of the main ground through an extended connecting strip of width 0.5 mm and length 8 mm. While in the close mode, the upper ground is parallel to the primary ground with a separation of 8 mm as appeared in Figure 13(d) . The antenna is amassed with the keypad model [20] , battery, camera, speaker, RF circuit, and LCD. The installing zone of internal antenna has four choices. Table 6 demonstrates the favorable position and weakness of every choice. "Impact of hand" implies that holding of client's hand will cause the move of the operating frequency, and transmitting and receiving become unstable. "Impact of head" defines the moving of operating frequency and raising SAR values. The length of link has an impact on the loss between the antenna and PCB. When a long link is utilized, the signal power will turn out to be low. Table 6 demonstrates that the best position of the antenna is "Top of Key-Pad side."
The housing of the mobile is a casing of polyvinyl chloride material polyvinyl chloride (PVC) with permittivity of 2.8 and loss tangent of 0.019, where the total dimensions of the mobile in the closed state are 90 × 50 × 14 mm 3 and its wall thickness is 1 mm. Figure 13(e) and (f) show the mobile after housing with camera and speaker, the camera with 8.5 mm, and it is 6 mm thick. Opposite to the camera is a speaker with the dimensions of 20 mm length and 6 mm width. A large touch screen LCD with size of 70 × 40 × 2 mm Table 7 shows the material properties of the mobile handset parts. The return loss of the antenna in the two modes of the clamshell mobile (open mode and close mode) is shown in Figure 15 . There is a slight shift between the results of return loss in the free 
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space and in the clamshell handset. In the open case, the effect of the handset components is to mismatch and to shift the operating bands of the antenna, where the bandwidth decreases significantly in the low band. So, the dimensions of internal antenna are designed again to meet the effect of the handset components. The new dimensions of the antenna are L 2 = 7 mm, L 4 = 2.5 mm, and W 1 = 18. In the close case, there is degradation in the impedance bandwidth over the bands. Nevertheless, the operating bandwidth is still better than 6:1 voltage standing wave ratio (VSWR), which is satisfactory to the clamshell phone in the closed case [4] .
The requirements and regulations of the mobile handset are developed through the last years by the 3rd generation partnership project (3GPP). The test regulations on various standards were created or are progressing. The Cellular Telecommunications and Internet Association (CTIA)/The Wireless Association is a United States-based global association that serves the interests of the wireless industry by campaigning government organizations and helps with regulation settings. It is vital to test the last antenna execution that impacts the human body [24] [25] [26] [27] [28] [29] [30] [31] [32] .
The absorption of human body can be characterized as head loss and hand loss when the mobile is in a talking or browsing position. The CTIA organization introduces four different body test cases for any mobile phone (free space test, browsing test, talking test, and talking with hand test) as shown in Figure 16 . The return loss of those four cases is shown in Figure 17 . The hand and the head have little effect on the antenna impedance matching. Nevertheless, the impedance bandwidth over the operating bands is still acceptable for practical applications of the mobile phone. 
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A Hugo phantom is the specific anthropomorphic mannequin (SAM) phantom, which is defined for SAR measurement. The hand phantoms are defined for talking and browsing modes in evaluating the effects on different phone factors [26] . Table 8 shows the averaged 10 g SAR at the aforementioned operating frequencies for the original antenna and antenna in mobile handset when they are in close proximity to the body. The 
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other important concern is the effect of the human body on the antenna performance as shown in Figure 17 . Table 9 shows the radiation efficiency of original antenna and antenna in handset in free space and talking position. We locate the human models inside the car, and position it 250 mm from the left and 350 mm from the top of the car model as shown in Figure 18 . This, in turn, leads us to conclude that the electromagnetic environment of the car has very little effect on the estimated SAR values, and the SAR value is also tabulated in Table 8 .
Conclusion
New four configurations of compact planar antennas that support the mobile applications, ISM band, and wireless services are introduced. The EBG structure is used to minimize the structure size of the antenna, give wide impedance BW, and reduce the SAR values. The SAR values of the all operating frequencies of the antenna are acceptable according to standards in four different modes (free space, talking mode, talking mode with hand, and browsing mode). Furthermore, the SAR values when the human body exists in a car satisfy the standards. Study of the effect of the human body on the antenna performance was also taken into considerations. The antennas have more compact size when compared to other antennas published in literatures. The antennas are simulated using the CST simulator and fabricated using the photolithographic technique. Very good agreement is obtained between the simulated and the experimental results. 
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